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Abstract 
A graph theoretic approach is developed for accurately computing haulage costs in earthwork projects. This is 
vital as haulage is a predominant factor in the real cost of earthworks. A variety of metrics can be used in our 
approach, but a fuel consumption proxy is recommended. This approach is novel as it considers the constantly 
changing terrain that results from cutting and filling activities and replaces inaccurate “static” calculations that 
have been used previously. The approach is also capable of efficiently correcting the violation of top down cutting 
and bottom up filling conditions that can be found in existing earthwork assignments and sequences. This approach 
assumes that the project site is partitioned into uniform blocks. A directed graph is then utilised to describe the 
terrain surface. This digraph is altered after each cut and fill, in order to reflect the true state of the terrain. A 
shortest path algorithm is successively applied to calculate the cost of each haul and these costs are summed to 
provide a total cost of haulage 
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1.Introduction 
In linear infrastructure projects, a typical earthworks plan is an assignment of cuts to fills (see [1]). 
Each assignment is known as a cut-fill pairing and a sequence of these pairings dictates when each area 
is cut or filled over time.  Earthmoving costs associated with the earthworks plan are dynamic in most 
linear infrastructure projects. This is often true in mining too. Costs are dynamic because, i) the terrain 
is constantly being altered by cutting and filling activities, and ii) the terrain dictates fuel consumption, 
emissions and other cost metrics. For example the distances and gradients between different points are 
constantly varying. In response to this feature, a dynamic objective function is proposed for evaluating 
earthmoving hauls. To our knowledge only static costs have been used in prior approaches. This is 
confirmed by recent research by [2]-[14]. Dynamic objective functions are also rare in the field of 
Operations Research and are not typical of many decision problems.  
This paper extends the work in [1] and [14] and demonstrates the suitability of a dynamic objective 
function. The work in this paper is to be used in a future optimisation approach for determining an 
integrated earthwork plan. Our approach relies upon a directed graph representation of the terrain 
surface and the repeated application of a shortest path algorithm.  The specific technical details are of 
our approach are presented in section 2. In section 3, some detailed examples are provided that illustrate 
our approach.  In our terrain graph each node represents a single (x, y) block position. This means that a 
node for every block in 3D is unnecessary. Each arc in the graph represents the cost of hauling material 
from one block location to another, at some point in time. Movement in the opposite direction is 
represented by another (reverse) directed arc. The shortest paths are required in order to, i) optimise 
material haulage, and ii) to evaluate the real merit of moving material between any two cut and fill 
block locations. A shortest path algorithm determines the optimal path between two block locations on 
the surface according to a given metric like cost, distance, work, time, etc. After each cut and fill, the 
terrain and hence the digraph, is updated to reflect the latest elevations and connections.  
In [1] new approaches were developed for creating an earthwork allocation plan. The partitioning of 
the project site into blocks and the development of associated block models was the foremost approach. 
The block models are a superior approach to previous section based alternatives as they model more 
realistically and accurately the position of earth at different elevations. The block models are generic 
and are readily applicable for both 2D and 3D scenarios. The path between blocks and other locations is 
not direct, i.e. it is the sum of separate movements over inclined planes of different angles. This 
 approach is superior to those taken in other papers and models more realistically the movement of 
material through the terrain as it is altered. The costs associated with haulage between blocks however 
are taken as static, and this is mainly due to two reasons, i) that level of detail was not required, ii) 
technical difficulties. The physics concept “work” was used as a proxy for fuel consumption. In [14], 
3D road construction problems were considered. A cross section replication approach, which solves a 
2D variant of the problem, and replicates the solution across the y-axis, was found to be a viable and 
effective approach in specific situations. An approach that partitions the domain into separate cross 
sections was also investigated. 
2. Technical Details of Approach  
2.1. Graph Construction 
 
The surface of the terrain (i.e. the project site) is modelled by a directed graph ܩ ൌ ሺܸ, ܧሻ. Each 
node ݒ ∈ ܸ  is an (x, y) grid location (or block). It has an associated weight equal to the current 
elevation at that grid location. Therefore:  ܸ ൌ ൛൫ሺݔ௜, ݕ௜ሻ, ݖ௜൯	ൟ. This set is however constructed using 
block information in the following way, ܸ ൌ ൛൫ሺݔ௕, ݕ௕ሻ, ݖ௕൯: ܾ ∈ ܤ, ܜܗܘሺݔ௕, ݕ௕ሻ ൌ ܾൟ where B is the set 
of all blocks and ܜܗܘሺݔ, ݕሻ ൌ ܾ iff ∄ܾᇱ ∈ ܤ: ܾᇱ ് ܾ, ݔ௕ ൌ ݔ௕ᇲ, ݕ௕ ൌ ݕ௕ᇲ, ݖ௕ᇲ ൐ ݖ௕ .  The set of blocks 
requiring excavation and fill respectively are denoted by ሺܤି, ܤାሻ. It should be noted that the definition 
of cut and fill blocks is not sufficient to model every grid location, as some locations have neither 
cutting or filling, and may be used as a path for transporting earth.  Therefore a block is required for 
each (x, y) position where movement of material can be made on the project site. Other blocks which 
are neither “cut” or “fill” must be introduced; these are regarded as “fixed” or “static” blocks.  
When material is moved between blocks in partial amounts, the current elevation within each block 
can updated as follows:  ݖ′௕ ൌ ݖ௕ േ ܳ ∆ݔ∆ݕ⁄  where Q is the volume added/removed in cubic metres. 
The second term is the height of the new material when it is placed across the rectangular base of a 
block, with dimension ሺ∆ݔ, ∆ݕሻ. In other words, ܳ ൌ ∆ݔ∆ݕ ൈ ݄݄݁݅݃ݐ. In the event that Q is the total 
amount added, then ݖ′௕ ൌ ሺݖ௕ െ 1ሻ∆ݖ ൅ ܳ ∆ݔ∆ݕ⁄ . The first part is the elevation at the bottom of the 
block, and ∆ݖ is the height of a block. Similarly if Q is the total amount removed then ݖ′௕ ൌ ሺݖ௕ሻ∆ݖ െܳ ∆ݔ∆ݕ⁄ . 
The arcs between nodes reflect feasible movements between two specified adjacent locations. The 
arc weight is hence the “cost” of hauls between these locations. The term adjacent can be interpreted in 
many different ways. In our approach two blocks are deemed adjacent if they are directly adjacent or 
diagonally adjacent. In other words, in the x-y plane they are within √2 grid units of each other 
according to a Euclidean distance metric. An additional requirement is that a specified vertical 
tolerance is not exceeded. For example block (x, y, 10) is not adjacent to (x+1, y, 3) because a 
difference of 7 blocks in elevation is deemed too great. 
Each pair of adjacent nodes can be connected by zero, one, or two arcs as the cost and feasibility of 
moving earth, from one to the other, and vice versa, may be different. The set of arcs is defined in the 
following way: ܧ ൌ ቄቀ൫ݒ௜, ݒ௝൯, ݓ௜,௝ቁ ∧ ቀ൫ݒ௝, ݒ௜൯, ݓ௝,௜ቁ	∀ݒ௜, ݒ௝ ∈ ܸ, ݒ௝ ∈ ۯ܌ܒሺݒ௜ሻቅ  where	 ۯ܌ܒሺݒ௜ሻ ൌ൛ݒ௝ ∈ ܸ|ݒ௜ ് ݒ௝, หݔ௝ െ ݔ௜ห ൑ 1, หݕ௝ െ ݕ௜ห ൑ 1, หݖ௝ െ ݖ௜ห ൑ ߝൟ.	 The cost associated with each arc ൫ݒ௜, ݒ௝൯ ∈ܧ is defined as ݓ௜,௝ and is a function of ൫ݒ௜, ݒ௝൯. A Euclidean “distance” and a “work” metric may be 
used to express the cost of hauling earth between two blocks: 
 ۳۲ቀሺݔ௜, ݕ௜, ݖ௜ሻ, ൫ݔ௝, ݕ௝,ݖ௝൯ቁ ൌ ට൫ݔ௝ െ ݔ௜൯૛ ൅ ൫ݕ௝ െ ݕ௜൯૛ ൅ ൫ݖ௝ െ ݖ௜൯૛       
 ݓ௜,௝ ൌ ۳۲ቀሺݔ௜, ݕ௜, ݖ௜ሻ, ൫ݔ௝, ݕ௝,ݖ௝൯ቁ ൈ ۴۽܀۱۳ ቀሺݔ௜, ݕ௜, ݖ௜ሻ, ൫ݔ௝, ݕ௝,ݖ௝൯ቁ  
 ۴۽܀۱۳ ቀሺݔ௜, ݕ௜, ݖ௜ሻ, ൫ݔ௝, ݕ௝,ݖ௝൯ቁ ൌ ܯ݃൫sin ߠ ൅ ߤ௙ cos ߠ൯ ൅ 0.5ߤௗߩܣܸଶ   
  ߠ ൌ tanିଵ ቀ௭ೕି௭೔ௗ௫௬ ቁ, ݀ݔݕ ൌ ට൫ݔ௝ െ ݔ௜൯
૛ ൅ ൫ݕ௝ െ ݕ௜൯૛  
 
2.2. Evaluating a Sequence  
 
To evaluate an earthwork allocation correctly requires a sequence of cut-fill pairs. An ordered 
sequence of cuts and fills is defined as follows:  ܵ ൌ ሼሺܾ, ܾᇱሻ|ܾ ∈ ܥݑݐ, ܾ′ ∈ ܨ݈݈݅ሽ. For a given sequence, 
an algorithm is most appropriate for determining the actual cost of haulage over the changing terrain. 
 Algorithm 1 iteratively evaluates the digraph G and finds a shortest path between the current cut and fill 
blocks. The shortest path is recorded as its cost. The graph is then updated to reflect the new terrain. 
This approach is inherently serial, as later evaluations are dependent on previous actions. 
 
Algorithm 1: EvaluateSequenceሺܩ, ܵ, ݌ܽݐ݄ሻ   
Input: graph and cut-fill sequence 
Output: paths, cost of sequence 
Begin 
 ݇݌݅ ൌ 0;   // Initialise kpi for the earthworks solution 
 Foreach ሺܾ, ܾᇱሻ ∈ ܵ:  // For each cut and fill pairing 
 begin  
  ݏݐܽݐݑݏ௕ ൌ ݁݉݌ݐݕ;   // Change status of cut block 
  ݏݐܽݐݑݏ௕ᇱ ൌ ݊݋ݐ_݁݉݌ݐݕ;   // Change status of fill block 
  if(haul_from_bottom) UpdateSurfaceሺܩ, ܾ, ܿݑݐሻ; // Simulate cut 
  ݈݁݊݃ݐ݄௕,௕ᇲ ൌ  ShortestPath൫ܩ, ܾ, ܾᇱ, ݌ܽݐ݄௕,௕ᇱ൯; 
  Terminate program if no path is found; 
   ݇݌݅൅ൌ ݈݁݊݃ݐ݄௕,௕ᇲ;    // Add cost of particular cut and fill 
  if(haul_from_top) UpdateSurfaceሺܩ, ܾ, ܿݑݐሻ; // Simulate cut 
  UpdateSurfaceሺܩ, ܾᇱ, ݂݈݈݅ሻ; // Simulate fill 
 end 
 return ݇݌݅; 
End 
 
If haulage occurs from the bottom of the source cut block, then the elevation of the associated node 
must first be decremented and the associated arc weights must be recomputed. Otherwise these changes 
can be left until the shortest path is found. After each cut and fill the elevation changes at those 
locations. Connections between adjacent block locations can then change. For example, existing ones 
can become invalid and new ones can become valid. In Algorithm 2, the status of cut and fill blocks is 
updated and the elevation at the associated node in the digraph is incremented or decremented. Once 
this has been completed, arc weights can be updated and new arcs can be added and others can be 
removed (see Algorithm 3 and 4). 
 
Algorithm 2:  UpdateSurfaceሺܩ, ܾ, ܽܿݐ݅ݒ݅ݐݕሻ 
Begin 
 ݒఈ ൌ ܨ݅݊݀ሺܩ, ݔ௕, ݕ௕ሻ;    // Find the node for the specified location, ߙ ∈ ܸ 
 ifሺܽܿݐ݅ݒ݅ݐݕ ൌ ܿݑݐሻ ݖఈ െ െ;  // Update surface at cut location - decrement node weight 
else ݖఈ ൅ ൅;   // Update surface at fill location - increment node weight 
UpdateConnectionsሺݒఈሻ;  // Update arc weights of current connections 
 AddConnectionsሺݒఈሻ;   // Add new connections  
End 
 
In Algorithm 3, current connections are reviewed and removed if they are no longer valid. If they 
remain valid then they are re-evaluated so that up to date cost values are available.  
 
Algorithm 3: UpdateConnections(ݒ௜) 
Begin  
Foreach ൫ݒ௜, ݒ௝൯ ∈ ܧ:   // Iterate through current edge list of node ݒ௜ 
 begin 
  ∆ݖ ൌ หݖ௜ െ ݖ௝ห;   // Change in elevation 
  ifሺ∆ݖ ൐ ߝሻ   ܧ ൌ ܧ െ ൛൫ݒ௜, ݒ௝൯, ൫ݒ௝, ݒ௜൯ൟ; // Remove connections 
  else begin 
   ݓ௜,௝ ൌ ۳܄ۯۺ൫ݒ௜, ݒ௝൯;  // Update forward arc 
   ݓ௝,௜ ൌ ۳܄ۯۺ൫ݒ௝, ݒ௜൯;  // Update backward arc 
  end 
end 
End 
 
 In Algorithm 4, all the nodes adjacent to ݒ௜ are reviewed. The latest costs of haulage are evaluated 
and if the connections do not currently exist, they are then added to the set of edges (i.e. edge list of the 
digraph). Connections that are already present are not re-evaluated as this is accomplished by 
Algorithm 3. 
 
Algorithm 4: AddConnectionsሺݒ௜ሻ 
Begin 
Foreach ൫ݒ௝൯ ∈ ۯ܌ܒሺݒ௜ሻ   // For each block location adjacent to ݒ௜ 
begin  
                               if	൫ݒ௜, ݒ௝൯ ∉ ܧ then  ܧ ൌ ܧ ∪ ൛൫ݒ௜, ݒ௝൯ൟ;  // Add arc 
  ݓ௜,௝ ൌ ۳܄ۯۺ൫ݒ௜, ݒ௝൯;  // Evaluate cost and add as the arc weight  
  if	൫ݒ௝, ݒ௜൯ ∉ ܧ then  ܧ ൌ ܧ ∪ ൛ݒ௝, ݒ௜ൟ;   // Add arc 
  ݓ௝,௜ ൌ ۳܄ۯۺ൫ݒ௝, ݒ௜൯;  // Evaluate cost and add as the arc weight  
end 
End 
 
Since a number of different metrics may be important (i.e. distance, work, cost, time, etc), the 
algorithms and digraph must be appropriately encoded to handle these options. We recommend the use 
of function pointers to accomplish this. In algorithm 3 and 4, this function pointer is represented by 
procedure ۳܄ۯۺ. 
The shortest paths between blocks are computed using Dijkstra’s algorithm or a similar approach 
like A*. If arc weights are negative, then another algorithm like the Bellman-Ford approach is 
warranted. Scaling the costs, so that negative values do not occur, is a viable alternative. 
 
3. Illustrative Examples 
 
Some examples are now discussed. These demonstrate key features of our dynamic evaluation 
approach and a block partitioning methodology. 
 
3.1. First Example 
 
This example demonstrates changing costs and paths. The sequence shown in Figure 1 is as follows:  
[(1,4,3)-(1,1,1)], [(3,3,1)-(2,1,1)], [(3,4,2)-(2,2,2)], [(3,4,1)-(2,1,2)], [(4,4,1)-(2,3,2)].  
 
 
 
 
 
 
Figure 1. Layout of blocks (Blue – cuts, Red – fills) 
 
Each [(x, y, z)-(x’, y’, z’)] is a cut-fill pair that shows the location of two blocks (i.e. the cut block 
and the fill block). Assuming no diagonal movements, the haulage distance and shortest paths, when 
evaluated one by one, and over time, are as follows: 
 
Case A: Non Updated Terrain (Dist = 19.3137) 
Path 1: (1,4,3),(1,3,2),(1,2,2),(1,1,1). Dist = 3.83 
Path 2: (3,3,1),(2,3,1),(2,2,1),(2,1,0). Dist = 3.414 
Path 3: (3,4,2),(2,4,2),(2,3,1),(2,2,1). Dist = 3.41 
Path 4: (3,4,2),(3,3,1),(3,2,0),(3,1,0)(2,1,0). Dist = 4.83 
Path 5: (4,4,1),(3,4,2)(3,3,1),(2,3,1). Dist = 3.83 
 
Case B: Updated Terrain (Dist = 19.3137) 
Path 1: (1,4,3),(1,3,2),(1,2,2),(1,1,1). Dist = 3.83 
Path 2: (3,3,1),(2,3,1),(2,2,1),(2,1,0). Dist = 3.414 
Path 3: (3,4,2),(2,4,2),(2,3,1),(2,2,1). Dist = 3.41 
Path 4: (3,4,1),(3,3,0),(3,2,0),(3,1,0),(2,1,1). Dist = 4.83 
Path 5: (4,4,1),(4,3,0)(3,3,0),(2,3,1). Dist = 3.83 
It should be noted that the final location in each path is one block lower than the necessary elevation. 
This occurs as the current elevation is used in calculations, and not the elevation after material is added 
as fill. A similar situation occurs at the source block. For example the elevation is the height before 
cutting occurs (i.e. haul-from-top). This could be changed to reflect haulage after excavation (i.e. haul-
from-bottom). Hence according to this requirement, the elevation at the source location should be 
 decremented prior to any shortest path analysis. The different elevation condition for the source cut 
block is shown in the Figure 2 below. 
 
 
 
 
Figure 2. Haul from top, bottom, or middle 
 
In case A, the terrain elevations are not altered after cutting and filling, whereas they are in the case 
B (this is technically the real situation). In order to have the same total haulage distance, paths 3, 4 and 
5 have to be different in case B. In this example, changing the sequence had little effect. Assuming 
diagonal movements, the haulage distance and shortest paths are superior and are as follows: 
 
Case A: Non Updated Terrain (Dist =15.9494) 
Path 1: (1,4,3),(1,3,2),(1,2,2),(1,1,1). Dist = 3.828 (i.e. √2+ 1+√2) 
Path 2: (3,3,1),(2,2,1),(2,1,0). Dist = 2.828 (i.e. √2+√2) 
Path 3: (3,4,2),(2,3,1),(2,2,1). Dist = 2.732 (i.e. 1.73205 + 1) 
Path 4: (3,4,2),(2,3,1),(2,2,1),(2,1,0). Dist = 4.146 (i.e. 1.73205+ 1+√2) 
Path 5: (4,4,1),(3,3,1),(2,3,1). Dist = 2.414. (i.e. √2+ 1) 
Case B: Updated Terrain (Dist = 16.6814) 
Path 1: (1,4,3),(1,3,2),(1,2,2),(1,1,1). Dist = 3.82843 (i.e. √2+ 1+√2) 
Path 2: (3,3,1),(2,2,1),(2,1,0). Dist = 2.82843 (i.e. √2+√2) 
Path 3: (3,4,2),(2,3,1),(2,2,1). Dist = 2.73205 (i.e. 1.73205+ 1) 
Path 4: (3,4,1),(3,3,0),(3,2,0),(2,1,1). Dist = 4.14626 (i.e. √2+ 1+ 1.73205) 
Path 5: (4,4,1),(3,3,0),(2,3,1). Dist = 3.14626 (i.e. 1.73205 + √2) 
 
In this situation, the total haul distances are different and no alternative routing in Case B, could 
match Case A. Using a “work” metric instead of distance (with V= 16.67 m/s, A = 5 ݉ଶ, M = 100kg, g 
= 9.8 ݉ݏିଶ , ߩ ൌ 1.2, ߤௗ ൌ 1, ߤ௙ ൌ 0.001 ), and assuming no diagonal movements, the following 
results occurred: 
 
Case A: Non Updated Terrain (Work  = -42,542 J) 
Path 1: (1,4,3),(1,3,2),(1,2,2),(1,1,1). Work = -16379 (i.e. -8611.22+ 843.467+ -8,611.22) 
Path 2: (3,3,1),(2,3,1),(2,2,1),(2,1,0). Work = -6924.28 (i.e. 843.467+ 843.467+ -8611.22) 
Path 3: (3,4,2),(2,4,2),(2,3,1),(2,2,1),(2,1,0). Work = -15535.5 (i.e. 843.467+-8611.22+ 843.467+-8611.22 
Path 4: (3,4,2),(2,4,2),(2,3,1),(2,2,1). Work = -6924.28 (i.e. 843.467+ -8611.22+ 843.467) 
Path 5: (4,4,1),(3,4,2),(3,3,1),(2,3,1). Work = 3221.03 (i.e. 10988.8+ -8611.22+ 843.467) 
Case B: Updated Terrain (Work = -22942 J) 
Path 1: (1,4,3),(1,3,2),(1,2,2),(1,1,1). Work = -16379 (i.e. -8611.22+ 843.467+ -8611.22) 
Path 2: (3,3,1),(2,3,1),(2,2,1),(2,1,0). Work = -6924.28 (i.e. 843.467+ 843.467+ -8611.22) 
Path 3: (3,4,2),(2,4,2),(2,3,1),(2,2,1). Work = -6080.82 (i.e. 843.467+ -8611.22+ 843.467) 
Path 4: (3,4,1),(3,3,0),(3,2,0),(3,1,0),(2,1,1). Work = 3221.03 (i.e. -8611.22+ 843.467+ 843.467+ 10988.8) 
Path 5: (4,4,1),(4,3,0),(3,3,0),(2,3,1). Work = 3221.03 (i.e. -8611.22+ 843.467+ 10988.8) 
 
The work required in Case B was greater and alternative paths did not exist to keep the required 
work level the same as in Case A. Alternative paths however were required to reach this solution. 
Assuming diagonal movements, the results for the work metric are as follows: 
 
Case A: Non Updated Terrain (Work = -45369.7) 
Path 1: (1,4,3),(1,3,2),(1,2,2),(1,1,1). Work = -16379 (i.e. 8611.22+ 843.467+ -8611.22) 
Path 2: (3,3,1),(2,2,1),(2,1,0). Work = -7418.38 (i.e. 1192.84+ -8611.22) 
Path 3: (3,4,2),(2,3,1),(2,2,1). Work = -7498.72 (i.e. -8342.19+ 843.467) 
Path 4: (3,4,2),(2,3,1),(2,2,1),(2,1,0). Work = -16109.9 (i.e. -8342.19+ 843.467+ -8611.22) 
Path 5: (4,4,1),(3,3,1),(2,3,1). Work = 2036.31 (i.e. 1192.84+ 843.467) 
Case B: Updated Terrain (Work = -25159.4) 
Path 1: (1,4,3),(1,3,2),(1,2,2),(1,1,1). Work = -16379 (i.e. 8611.22+ 843.467+ -8611.22) 
Path 2: (3,3,1),(2,2,1),(2,1,0). Work = -7418.38 (i.e. 1192.84+ -8611.22) 
Path 3: (3,4,2),(2,3,1),(2,2,1). Work = -7498.72 (i.e. -8342.19+ 843.467) 
 Path 4: (3,4,1),(3,3,0),(3,2,0),(2,1,1). Work = 3490.06 (i.e. -8611.22+ 843.467+ 11257.8) 
Path 5: (4,4,1),(3,3,0),(2,3,1). Work = 2646.6 (i.e. -8342.19+ 10988.8) 
 
The above results are again slightly superior to previous results.  
 
3.2. Second Example  
 
This example also demonstrates changing costs and paths. It differs from the first example, as an 
improvement is gained by altering the terrain. The sequence shown in Figure 3 is as follows: 
[(1,4,3),(2,1,1)], [(1,2,2),(3,1,1)], [(1,3,2),(3,2,1)], [(1,4,2),(4,1,1)], [(2,4,2),(4,2,1)], [(3,4,2),(4,3,1)] 
 
 
 
 
 
 
 
Figure 3. Layout of blocks (Blue – cuts, Red – fills) 
 
Assuming no diagonal movements, the haulage distance and shortest paths are as follows: 
 
Case A: Non Updated Terrain (Distance = 27.799) 
Path 1: (1,4,3),(1,3,2),(2,3,1),(2,2,1),(2,1,0). Dist = 5.243 (i.e. √2+ √2+ 1+√2) 
Path 2: (1,2,2),(1,1,1),(2,1,0),(3,1,0). Dist = 3.828 (i.e. √2+√2+ 1) 
Path 3: (1,3,2),(2,3,1),(3,3,1),(3,2,0). Dist = 3.828 (i.e. √2+ 1+√2) 
Path 4: (1,4,3),(1,3,2),(2,3,1),(3,3,1),(3,2,0),(4,2,0),(4,1,0). Dist = 7.243 (i.e. √2+√2+ 1+√2+ 1+ 1) 
Path 5: (2,4,2),(2,3,1),(3,3,1),(3,2,0),(4,2,0). Dist = 4.828 (i.e. √2+ 1+√2+ 1) 
Path 6: (3,4,2),(3,3,1),(4,3,0). Dist = 2.828 (i.e. √2+√2) 
Case B: Updated Terrain (Distance = 27.3848) 
Path 1: (1,4,3),(1,3,2),(2,3,1),(2,2,1),(2,1,0). Dist = 5.24 (i.e. √2+ √2+ 1+√2) 
Path 2: (1,2,2),(2,2,1),(3,2,0),(3,1,0). Dist = 3.828 (i.e. √2+ √2+ 1) 
Path 3: (1,3,2),(2,3,1),(3,3,1),(3,2,0). Dist = 3.828 (i.e. √2+ 1+ √2) 
Path 4: (1,4,2),(2,4,2),(3,4,2),(3,3,1),(3,2,1),(3,1,1),(4,1,0). Dist = 6.828 (i.e. 1+ 1+ √2+ 1+ 1+ √2) 
Path 5: (2,4,2),(2,3,1),(3,3,1),(3,2,1),(4,2,0). Dist = 4.828 (i.e. √2+ 1+ 1+ √2) 
Path 6: (3,4,2),(3,3,1),(4,3,0). Dist = 2.828 (i.e. √2+ √2) 
 
The above results indicate that a superior total haulage distance is possible in comparison to the 
static case. Therefore the terrain can provide alternative and superior routes as it is altered by cutting 
and filling. Assuming diagonal movements, the haulage distance and shortest paths are as follows: 
 
Case A: Non Updated Terrain (Distance = 22.3624) 
Path 1: (1,4,3),(1,3,2),(2,2,1),(2,1,0). Dist = 4.56 (i.e. √2+ 1.73205+ √2) 
Path 2: (1,2,2),(2,2,1),(3,1,0). Dist = 3.146 (i.e. √2+ 1.73205) 
Path 3: (1,3,2),(2,2,1),(3,2,0). Dist = 3.146 (i.e. 1.73205+ √2) 
Path 4: (1,4,3),(2,3,1),(3,2,0),(4,1,0). Dist = 5.596 (i.e. 2.44949+ 1.73205+ √2) 
Path 5: (2,4,2),(3,3,1),(4,2,0). Dist = 3.46 (i.e. 1.73205+ 1.73205) 
Path 6: (3,4,2),(4,3,0). Dist = 2.4495 (i.e. 2.4495) 
Case B: Updated Terrain (Distance = 21.6449) 
Path1: (1,4,3),(1,3,2),(2,2,1),(2,1,0). Dist =  4.56 (i.e. √2+ 1.73205+ √2) 
Path 2: (1,2,2),(2,2,1),(3,1,0). Dist = 3.146 (i.e. √2+ 1.73205) 
Path 3: (1,3,2),(2,2,1),(3,2,0). Dist = 3.146 (i.e. 1.73205+ √2) 
Path 4: (1,4,2),(2,3,1),(3,2,1),(4,1,0). Dist = 4.878 (i.e. 1.73205+ √2+ 1.73205) 
Path 5: (2,4,2),(3,3,1),(4,2,0). Dist = 3.46 (i.e. 1.73205+ 1.73205) 
Path 6: (3,4,2),(4,3,0). Dist = 2.449 (i.e. 2.44949) 
 
Assuming no diagonal movements, the results are as follows for the work metric: 
Case A: Non Updated Terrain (Work = -113809 J) 
Path 1: (1,4,3),(2,4,2),(2,3,1),(2,2,1),(2,1,0). Work = -24990.2 (i.e. -8611.22+ -8611.22+ 843.467+ -8611.22) 
 Path 2: (1,2,2),(2,2,1),(3,2,0),(3,1,0). Work = -16379 (i.e. -8611.22+ -8611.22+ 843.467) 
Path 3: (1,3,2),(1,2,2),(2,2,1),(3,2,0). Work = -16379 (i.e. 843.467+ -8611.22+ -8611.22) 
Path 4: (1,4,3),(2,4,2),(3,4,2),(4,4,1),(4,3,0),(4,2,0),(4,1,0). Work = -23303.3 (i.e. -8611.22+ 843.467+ -8611.22+ -8611.22+ 
843.467+ 843.467) 
Path 5: (2,4,2),(3,4,2),(3,3,1),(4,3,0),(4,2,0). Work = -15535.5 (i.e. 843.467+ -8611.22+ -8611.22+ 843.467) 
Path 6: (3,4,2),(4,4,1),(4,3,0). Work = -17222.4 (i.e. -8611.22+ -8611.22) 
Case B: Updated Terrain (Work = -104355 J) 
Path 1: (1,4,3),(2,4,2),(2,3,1),(2,2,1),(2,1,0). Work = -24990.2 (i.e. -8611.22+ -8611.22+ 843.467+ -8611.22) 
Path 2: (1,2,2),(2,2,1),(3,2,0),(3,1,0). Work = -16379 (i.e. -8611.22+ -8611.22+ 843.467) 
Path 3: (1,3,2),(2,3,1),(3,3,1),(3,2,0). Work = -16379 (i.e. -8611.22+ 843.467+ -8611.22) 
Path 4: (1,4,2),(2,4,2),(2,3,1),(3,3,1),(4,3,0),(4,2,0),(4,1,0). Work = -13848.6 (i.e. 843.467+ -8611.22+ 843.467+ -8611.22+ 
843.467+ 843.467) 
Path 5: (2,4,2),(3,4,2),(3,3,1),(4,3,0),(4,2,0). Work = -15535.5 (i.e. 843.467+ -8611.22+ -8611.22+ 843.467) 
Path 6: (3,4,2),(4,4,1),(4,3,0). Work = -17222.4 (i.e. -8611.22+ -8611.22) 
 
For this metric, a superior solution did not occur for Case B. Assuming diagonal movements, the 
results are as follows for the work metric: 
 
Case A: Non Updated Terrain (Work = -118393 J) 
Path 1: (1,4,3),(1,3,2),(2,2,1),(2,1,0). Work = -25564.6 (i.e. -8611.22+ -8342.19+ -8611.22) 
Path 2: (1,2,2),(2,2,1),(3,1,0). Work = -16953.4 (i.e. -8611.22+ -8342.19) 
Path 3: (1,3,2),(2,3,1),(3,2,0). Work = -16953.4 (i.e. -8611.22+ -8342.19) 
Path 4: (1,4,3),(2,3,1),(3,2,0),(4,1,0). Work = -24693.4 (i.e. -17544.1+ -8342.19+ 1192.84) 
Path 5: (2,4,2),(3,3,1),(4,2,0). Work = -16684.4 (i.e. -8342.19+ -8342.19) 
Path 6: (3,4,2),(4,3,0). Work = -17544.1 (i.e. -17544.1) 
Case B: Updated Terrain (Work = -109191 J) 
Path 1: (1,4,3),(1,3,2),(2,2,1),(2,1,0). Work = -25564.6 (i.e. 8611.22+ -8342.19+ -8611.22) 
Path 2: (1,2,2),(2,1,1),(3,1,0). Work = -16953.4 (i.e. -8342.19+ -8611.22) 
Path 3: (1,3,2),(2,3,1),(3,2,0). Work = -16953.4 (i.e. -8611.22+ -8342.19) 
Path 4: (1,4,2),(2,3,1),(3,2,1),(4,1,0). Work = -15491.5 (i.e. -8342.19+ 1192.84+ -8342.19) 
Path 5: (2,4,2),(3,3,1),(4,2,0). Work = -16684.4 (i.e. -8342.19+ -8342.19) 
Path 6: (3,4,2),(4,3,0). Work = -17544.1 (i.e. -17544.1) 
 
Allowing diagonal movements again resulted in a superior solution. A superior solution was 
similarly unobtainable in the second case.  
 
3.3.Third Example 
 
This example demonstrates the addition of connections that were not present initially, as opposed to 
previous examples which demonstrated the changing costs of connections. The sequence shown in 
Figure 4 is as follows: [(3,4,6),(2,3,3)], [(2,4,5),(1,1,2)], [(3,4,5),(4,1,3)], [(1,4,4),(1,1,3)], 
[(2,4,4),(2,1,3)], [(3,4,4),(2,2,3)]. 
 
 
 
 
 
 
 
Figure 4. Example and sequence of cut-fills 
 
The haulage distance and shortest paths, for a vertical movement limit of one, are as follows: 
 
Updated Terrain Paths (Dist = 28.6308) 
Path 1: (3,4,6),(2,4,5),(1,4,4),(1,3,3),(2,3,2). Dist = 5.65685 (i.e. √2+√2+√2+√2) 
Path 2: (2,4,5),(1,4,4),(1,3,3),(2,2,2),(1,1,1). Dist = 6.29253 (i.e. √2+√2+ 1.73205+ 1.73205) 
Path 3: (3,4,5),(2,4,4),(3,3,3),(3,2,3),(4,1,2). Dist = 5.87832 (√2+ 1.73205+ 1+ 1.73205) 
Path 4: (1,4,4),(1,3,3),(1,2,3),(1,1,2). Dist = 3.82843 (i.e. √2+ 1+ √2) 
 Path 5: (2,4,4),(2,3,3),(2,2,2),(2,1,2). Dist = 3.82843 (i.e. √2+√2+ 1) 
Path 6: (3,4,4),(2,3,3),(2,2,2). Dist = 3.14626 (i.e. 1.73205+√2) 
 
In this example location (1,1) is not initially connected to (1,2) as the elevation difference is 2 (i.e. 
which is greater than one). However after (2,4,5) is moved to (1,1,2), then (1,1) becomes connected to 
(1,2)  as the elevations are 2 and 3 respectively. Consequently Path 4 is able to utilise this new link. For 
the work criteria: 
 
Updated Terrain Paths (Work = -142515) 
Path 1: (3,4,6),(2,4,5),(1,4,4),(1,3,3),(2,3,2). Work = -34444.9 (i.e. -8611.22+ -8611.22+ -8611.22+ -8611.22) 
Path 2: (2,4,5),(1,4,4),(2,3,3),(2,2,2),(1,1,1).  Work = -33906.8 (i.e. -8611.22+ -8342.19+ -8611.22+ -8342.19) 
Path 3: (3,4,5),(2,4,4),(3,3,3),(3,2,3),(4,1,2). Work = -24452.1 (i.e. -8611.22+ -8342.19+ 843.467+ -8342.19) 
Path 4: (1,4,4),(1,3,3),(1,2,3),(1,1,2). Work = -16379 (i.e. -8611.22+ 843.467+ -8611.22) 
Path 5: (2,4,4),(2,3,3),(2,2,2),(2,1,2). Work = -16379 (i.e. -8611.22+ -8611.22+ 843.467) 
Path 6: (3,4,4),(3,3,3),(2,2,2). Work = -16953.4 (i.e. -8611.22+ -8342.19) 
 
Some paths are now different.  These include Path 2 and 6. In essence these paths are a little longer 
but are steeper and hence cheaper on fuel. 
 
3.4. Fourth Example  
 
This example demonstrates the removal of connections that were present initially, as opposed to 
previous examples which demonstrated the changing costs of connections or the addition of new 
connections. This example also demonstrates the difference and effect of hauling from the top or 
bottom of the source cut block. Consider the following cut-fill scenario displayed in Figure 5. The 
sequence shown in Figure 5 is as follows: [(2,2,2),(5,1,2)], [(2,3,2),(4,1,2)], [(2,4,2),(5,1,3)], 
[(1,4,2),(5,4,3)], [(1,3,2),(5,3,3)], [(1,2,2),(5,2,3)]. 
 
 
 
 
 
Figure 5. Example and sequence of cut-fills 
 
Removal of (2,4,2), (2,3,2) and (2,2,2)  means that blocks (3,2,3), (3,3,3) and (3,4,3) become 
inaccessible except via block (5,2,1), (5,3,1), (5,4,1). Arcs between these locations are initially present 
in the digraph but are removed one at a time as cutting and filling occur. For the distance metric, and 
excavation from the top of a block, the results are as follows: 
 
Distance = 26.9241 
Path 1: (2,4,2),(3,4,3),(4,4,3),(5,4,2). Dist = 3.82843 (i.e. √2+ 1+ √2) 
Path 2: (2,3,2),(3,3,3),(4,3,3),(5,3,2). Dist = 3.82843 (i.e. √2+ 1+ √2) 
Path  3: (2,2,2),(3,2,3),(4,2,3),(5,2,2). Dist = 3.82843 (i.e. √2+ 1+ √2) 
Path 4: (1,2,2),(2,1,1),(3,1,1),(4,1,1),(5,1,1). Dist = 4.73205 (i.e. 1.73205+ 1+ 1+ 1) 
Path 5: (1,3,2),(2,2,1),(3,1,1),(4,1,1),(5,1,2). Dist = 5.56048 (i.e. 1.73205+ √2+ 1+ √2) 
Path 6: (1,4,2),(2,3,1),(2,2,1),(3,1,1),(4,1,1). Dist = 5.14626 (i.e. 1.73205+ 1+ √2+ 1) 
 
For the situation where excavation occurs at the bottom of each block, the results are as follows: 
 
Distance = 29.7525 
Path 1: (2,4,1),(2,3,2),(3,4,3),(4,4,3),(5,4,2). Dist = 5.56048 (i.e. √2+ 1.73205+ 1+ √2) 
Path 2: (2,3,1),(2,2,2),(3,3,3),(4,3,3),(5,3,2). Dist = 5.56048 (i.e. √2+ 1.73205+ 1+ √2 
Path 3: (2,2,1),(3,1,1),(4,1,1),(5,2,2). Dist = 4.14626 (i.e. √2+ 1+ 1.73205) 
Path 4: (1,2,1),(2,1,1),(3,1,1),(4,1,1),(5,1,1). Dist = 4.41421 (i.e. √2+ 1+ 1+ 1) 
Path 5: (1,3,1),(2,2,1),(3,1,1),(4,1,1),(5,1,2). Dist = 5.24264 (i.e. √2+ √2+ 1+ √2) 
Path 6: (1,4,1),(2,3,1),(2,2,1),(3,1,1),(4,1,1). Dist = 4.82843 (i.e. √2+ 1+ √2+ 1) 
 
 By lowering the height at the source block, the haulage distances have increased somewhat, and in 
some cases alternative paths have been taken. For the work metric, and excavation from the top of a 
block, the results are as follows: 
 
Work = 3071.8 
Path 1: (2,4,2),(3,4,3),(4,4,3),(5,4,2). Work = 3221.03 (i.e. 10988.8+ 843.467+ -8611.22) 
Path 2: (2,3,2),(3,3,3),(4,3,3),(5,3,2). Work = 3221.03 (i.e. 10988.8+ 843.467+ -8611.22) 
Path 3: (2,2,2),(3,2,3),(4,2,3),(5,2,2). Work = 3221.03 (i.e. 10988.8+ 843.467+ -8611.22) 
Path 4: (1,2,2),(2,1,1),(3,1,1),(4,1,1),(5,1,1). Work = -5811.79 (i.e. -8342.19+ 843.467+ 843.467+ 843.467) 
Path 5: (1,3,2),(2,2,1),(3,1,1),(4,1,1),(5,1,2). Work =4682.9 (i.e. -8342.19+ 1192.84+ 843.467+ 10988.8) 
Path 6: (1,4,2),(2,3,1),(2,2,1),(3,1,1),(4,1,1). Work = -5462.41 (i.e. -8342.19+ 843.467+ 1192.84+ 843.467) 
 
For the work metric, with excavation from the bottom of each block, the results are as follows: 
 
Work = 64265.6 
Path 1: (2,4,1),(2,3,2),(3,4,3),(4,4,3),(5,4,2). Work = 14478.8 (i.e. 10988.8+ 11257.8+ 843.467+ -8611.22) 
Path 2: (2,3,1),(2,2,2),(3,3,3),(4,3,3),(5,3,2). Work = 14478.8 (i.e. 10988.8+ 11257.8+ 843.467+ -8611.22) 
Path 3: (2,2,1),(3,1,1),(4,1,1),(5,2,2). Work = 13294.1 (i.e. 1192.84+ 843.467+ 11257.8) 
Path 4: (1,2,1),(2,2,1),(3,1,1),(4,1,1),(5,1,1). Work = 3723.24 (i.e. 843.467+ 1192.84+ 843.467+ 843.467) 
Path 5: (1,3,1),(2,2,1),(3,1,1),(4,1,1),(5,1,2). Work = 14217.9 (i.e.  1192.84+ 1192.84+ 843.467+ 10988.8) 
Path 6: (1,4,1),(1,3,1),(2,2,1),(3,1,1),(4,1,1). Work = 4072.62 (i.e. 843.467+ 1192.84+ 1192.84+ 843.467) 
 
Again there is a significant difference - some of the paths are different, but other paths generally 
become more expensive. 
 
 
4. Solution Infeasibility and Correction 
 
The evaluation of infeasible solutions has also been investigated. In so doing, we have found that the 
application of our approach always results in a feasible answer. In other words, an infeasible allocation 
and/or sequence can be made feasible by evaluating the digraph “as is”, without any other 
modifications to our approach.  Upon closer inspection this occurs because only the current elevation at 
each node is used and not the original block elevations in the cut-fill pairing. Hence the digraph will 
only allow cuts and fills from the current levels, whatever they may be. This results in a different cut-
fill pair. Recording all these different cut-fill pairings provides a complete, alternative and feasible 
solution. 
For example, consider the infeasible solution, S = ([(1,1,2),(2,1,2)], [(1,1,1),(2,1,1)]). This solution is 
infeasible because bottom up filling precedence are not met, i.e. block (2,1,2) is filled before block 
(2,1,1). This solution is actually evaluated as the solution, S = [(1,1,2),(2,1,1)], [(1,1,1),(2,1,2)], because 
the node for (1,1) starts at elevation 2 and node (2,1) starts at elevation 0. Reversal of the sequence 
(which is also infeasible) also results in the same feasible solution. Also consider a larger and more 
indicative example, with the following sequence: S = [(3,1,2),(1,1,3)], [(3,1,3),(5,1,3)], [(3,1,4),(1,1,2)], 
[(3,1,5),(5,1,2)], [(3,1,6),(6,1,2)]. This sequence is shown in Figure 6a.  
 
 
 
 
 
 
a) Original sequence  b) Corrected sequence 
Figure 6. Correcting an infeasible sequence  
 
Application of our approach, results in the following feasible solution (see Figure 6b): S = [(3,1,6), 
(1,1,2)], [(3,1,5), (5,1,2)], [(3,1,4), (1,1,3)], [(3,1,3), (5,1,3)], [(3,1,2), (6,1,2)] 
 
An equivalent process that does the same as our graph approach, is to iteratively sort sequence 
positions in each (x, y) stack, in descending or ascending order respectfully, depending on whether 
cutting or filling is performed in that stack. For example: 
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S0 = [(3,1,2),(1,1,3)], [(3,1,3),(5,1,3)], [(3,1,4),(1,1,2)], [(3,1,5),(5,1,2)], [(3,1,6),(6,1,2)] 
S1 = [(3,1,6),(1,1,3)], [(3,1,5),(5,1,3)], [(3,1,4),(1,1,2)], [(3,1,3),(5,1,2)], [(3,1,2),(6,1,2)] 
S2 = [(3,1,6),(1,1,2)], [(3,1,5),(5,1,3)], [(3,1,4),(1,1,3)], [(3,1,3),(5,1,2)], [(3,1,2),(6,1,2)] 
S3 = [(3,1,6),(1,1,2)], [(3,1,5),(5,1,2)], [(3,1,4),(1,1,3)], [(3,1,3),(5,1,3)], [(3,1,2),(6,1,2)] 
 
The assignment of cuts to fills was however feasible in the preceding example. It was only the 
sequence that was infeasible. Now consider the following variation (see Figure 7) that has an infeasible 
assignment and sequence instead: S = [(3,1,2),(1,1,2)], [(3,1,3),(5,1,2)], [(3,1,4),(1,1,3)], 
[(3,1,5),(5,1,3)], [(3,1,6),(6,1,2)] 
 
 
 
 
 
Figure 7. Correcting an infeasible assignment 
 
Application of our approach, (regardless of metric) results in the same feasible solution as obtained 
in the preceding example. This proves that both infeasible assignments and infeasible sequences can be 
corrected. Consider the complex scenario shown in Figure 8a. 
 
 
 
 
 
 
 
a)       b) 
Figure 8. Starting solution and corrected solution 
 
The infeasible solution shown in Figure 8a is as follows: S = [(1,9),(3,10)], [(1,8),(2,5)], 
[(1,7),(2,4)], [(1,6),(2,6)], [(4,10),(3,11)], [(4,9),(8,12)], [(4,8),(3,9)], [(4,7),(2,3)], [(4,6),(7,4)], 
[(4,5),(7,2)], [(5,7),(13,3)], [(5,6),(13,1)], [(5,5),(7,3)], [(6,7),(13,4)], [(6,6),(13,2)], [(10,10),(13,7)], 
[(10,9),(13,6)], [(10,8),(13,5)], [(11,15),(8,14)], [(11,14),(8,13)], [(11,13),(9,13)], [(11,12),(9,12)] 
 
The corrected solution is shown in Figure 8b, and is as follows: S = [(1,9),(3,9)], [(1,8),(2,3)], 
[(1,7),(2,4)], [(1,6),(2,5)], [(4,10),(3,10)], [(4,9),(8,12)], [(4,8),(3,11)], [(4,7),(2,6)], [(4,6),(7,2)], 
[(4,5),(7,3)], [(5,7),(13,1)], [(5,6),(13,2)], [(5,5),(7,4)], [(6,7),(13,3)], [(6,6),(13,4)], [(10,10),(13,5)], 
[(10,9),(13,6)], [(10,8),(13,7)], [(11,15),(8,13)], [(11,14),(8,14)],[(11,13),(9,12)], [(11,12),(9,13)] 
 
The statistics for the feasible solution are as follows:  Distance = 346.401; Distance (Direct) = 
89.6466;  Work = -298531;  Work (Direct) = -296979. These results show a very significant difference 
in haulage distance, for example in relation to direct (static) calculations of haulage distance. This 
example provides further proof of the inaccuracy of past approaches. 
It should be noted that all earthwork sequences define in what stack, blocks are to be cut, and what 
stack, blocks are to be filled. An infeasible sequence will only have incorrect block elevations. All that 
is required is to fix the elevations but to leave the stack information as is. Our graph evaluation 
algorithm does just this as a matter of course - which is highly fortunate. The order in which blocks are 
cut is not altered. However the order in which blocks are filled is by this approach. Conceptually, a 
reverse process is also feasible, i.e. one that keeps the sequence of fills, but fixes the sequence of cuts. 
Such an approach however requires that the sequence of fills is valid, i.e. one that maintains bottom up 
precedence condition. This reverse process starts from the final elevations. The sequence of cut-fill 
pairs is then reversed. The elevation of cut blocks is therefore incremented, and the elevation of fill 
blocks is decremented. This reverse process undoes cutting and filling, i.e. fill locations become the cut 
locations, and cut locations become the fill locations. This is the same as swapping the pairs: i.e. (cut = 
fill, fill = cut). Therefore the graph approach (i.e. code) remains unchanged and can accomplish both a 
forwards and a reverse process. 
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 5. Conclusions 
 
As previous calculations for determining the cost of haulage in earthwork projects are static, and do 
not necessarily reflect the real terrain after cutting and filling activities have begun, a new graph 
theoretic approach has been developed that builds upon a block modelling methodology that we 
recently introduced. The proposed approach computes the total cost of performing a sequence of cuts 
and fills over time. 
The examples of this paper have demonstrated that current static calculations for haulage are perhaps 
too “good” and in reality haulage statistics (i.e. distances, work, etc) could be greater. However it is 
possible to improve upon the haulage costs when modelling a changing terrain and this was shown in 
the second example. The case studies also show that diagonal movements between blocks (whether 
realistic or not in practice) are highly desirable and result in superior solutions. 
 The dynamic objective function of this paper is currently being integrated into a general 
optimisation framework for created integrated earthwork plans. 
 
References 
 
[1] Burdett R and Kozan E (2013). Improved earthwork allocation planning for fuel consumption and emissions reduction in 
linear infrastructure construction. In press.  
[2] Son J, Mattila K G and Myers D S (2005). Determination of haul distance and direction in mass excavation. Journal of 
Construction Engineering and Management; 131(3): 302 – 309 
[3] Aruga K, Sessions J, Akay A E (2005). Heuristic planning techniques applied to forest road profiles. Journal of Forest 
Research; 10(2): 83-92. 
[4] Akay A E (2006). Minimizing total costs of forest roads with computer-aided design model. Sadhana; 31(5): 621–633. 
[5] Karimi S M, Mousavi S J, Kaveh A and Afshar A. (2007). Fuzzy optimisation model for earthwork allocations with imprecise 
parameters. Journal of Construction Engineering and Management; 133(2): 181-190. 
[6] Kim E, Manoj K J, Schonfeld P and Kim H S (2007). Highway alignment optimisation incorporating bridges and tunnels. 
Journal of Transportation Engineering 133(2): 71-81 
[7] Goktepe A B, Lav A H, Altun S and Altintas G (2008). Fuzzy decision support system to determine swell/shrink factor 
affecting earthwork optimisation of highways. Mathematical and Computational Applications; 13(1): 61-70. 
[8] Zhang (2008). Multi-objective simulation optimisation for earthmoving operations. Automation in Construction 18: 79-86. 
[9]Dawood N N and Castro S (2009). Automating road construction planning with a specific-domain simulation system. Journal 
of Information Technology in Construction; 14: 556-573. 
[10] Ji Y, Borrmann A, Rank E, Seipp F, Ruzika S. (2010). Mathematical modelling of earthwork optimization problems.  
Proceedings of the 13th International Conference on Computing in Civil and Building Engineering (ICCCBE-XIII). Nottingham, 
UK. 
[11] Hola B and Schabowicz K (2010). Estimation of earthworks execution time-cost by means of artificial neural networks. 
Automation in Construction; 19: 570-579. 
[12] Ji Y, Borrmann A and Wimmer J (2011). Coupling microscopic simulation and macroscopic optimisation to improve 
earthwork construction processes. Proceedings of the EG-ICE Workshop on Intelligent Computing in Civil Engineering. 
Enschede, The Netherlands. 
[13] Shah R K and Dawood N (2011).  An innovative approach for generation of a time location plan in road construction 
projects. Construction Management and Economics; 29: 435-448 
[14] Burdett R and Kozan E (2013). Earthworks planning for road construction projects:  a case study. In Kajewski, S.L., Manley 
K., & Hampson K.D. (Eds.) Proceedings of the 19th CIB World Building Congress, Brisbane 2013: Construction and Society, 
QUT Conference. Proceedings, Brisbane Convention Centre 
 
